Protoplasts obtained enzymically from etiolated primary leaves of oat were illuminated in vitro, and the process of etioplast chloroplast transformation followed. Chloroplast development proceeded up to 6 hours of incubation in the light (20 C). During this period, complete photosynthetic light and dark reactions were constituted, in addition to prolamellar bodydegrading protease activity.
Since the first reports on the isolation of etioplasts by Klein and Poljakoff-Mayber (21, 22) , a number of attempts were made to study possible chloroplast development in vitro. It was established that isolated etioplasts contain the potential to carry out the early stages of membrane reorganization (23, 31) , and some protein and pigment synthesis (2, 18, 32) . But after about I h (e.g. oat etioplasts; 31), further development is arrested. It is known that plastids, although containing genetic information, are not autonomous (6) , and that maturation requires both nuclear and plastic DNA (10), in addition to a possible energy supply from cytoplasmic sites (16) . Therefore, the use of isolated etioplasts to study plastid development is limited to only a few early events. An in vitro system could provide much information on developmental processes if the ability for differentiation could be prolonged.
Recent work on photosynthesis indicates that plastids can be investigated better when the organelles are not isolated by homogenization of tissue, but indirectly via the preparation of mesophyll protoplasts (9, 20) . Protoplasts prepared by enzymic digestion of tissue offer two important advantages. Firstly, plastids are maintained within their cyroplasmic environment and thus highly active; secondly, they are an excellent source for plastid isolation in a matter of seconds. As shown recently (17) , this procedure can ' Supported by a grant from the Deutsche Forschungsgemeinschaft to R. H. and the Alexander von Huriboldt-Stiftung to L. D. F. 2 Dedicated to Prof. Dr. A. Pirson, Gottingen, on the occasion of his 70th birthday. be applied to both etiolated and greening primary leaves of oat.
The aim of this investigation was to find out how far etioplasts, contained within mesophyll protoplasts from etiolated oat tissue, are able to develop in vitro as monitored by measurement of structural and biochemical parameters. The results indicate that the irradiation of "etio"-protoplasts is a useful method to study in vitro development for up to 6 h (complete electron transport system and the start of light-dependent CO2 fixation), with developmental patterns similar to those observed for the same period under in vivo conditions.
MATERIALS AND METHODS
Isolation of Protoplasts and Plastids. Seedlings of A vena sativa L. (var. Amold) were grown in moist peat in a temperaturecontrolled chamber at 25 C for 7 days in the dark. About 10 g of laminae were cut into segments of less than I mm in width using a razor blade, and enzymically digested (2 h, 30 C) in 60 ml of a medium containing 0.6 M mannitol, 1 mm CaCl2, 0.5% (w/v) BSA, 2% (w/v) cellulysin (Calbiochem), and 5 mM Mes/KOH (pH 5.6). The released protoplasts were collected by filtration through a 200-,tm nylon net, sedimented at I00g, for 5 min, and, after resuspension in 0.5 M sucrose containing I mm CaCl2, were purified by a step gradient according to Edwards et al. (9) , as modified by Hampp and De Filippis (14) . For this purpose, 5 ml of the protoplast suspension was overlayered by 2 ml of 0.5 M mannitol together with 1 mm CaCl2 and 5 mm Mes-KOH (pH 6.0), and then centrifuged at 600g for 2 min. The intact protoplasts, which banded at the interphase between the two layers, were collected by careful pipetting and made up to about 3 ml with 0.5 M sucrose. The use of 0.5 M sucrose prevented protoplasts from sedimenting, therefore avoiding shaking of the protoplast suspension during incubation in the light (1.5 w m2) which resulted in rupture of the plasma membrane.
All steps prior to the start of illumination in vitro were carried out in complete darkness or under a dim green safe light.
Before illumination (dark control) or after different times in the light (see under "Results and Discussion"), the protoplasts were diluted 4-fold with 0.5 M mannitol, pelleted at 300g for 60 s, and resuspended irn a 0.35 M sorbitol, 50 mm Hepes-KOH (pH 7.6) medium. Aliquots of the protoplast suspension (five times, 100 ,ul each) were then pipetted into 450 ,ul microtubes (Beckman) containing 30 ,ul 0.45 M sucrose, 50 ,lI silicone oil AR 150 (Wacker Chemie, Munich), and a fixed 20 ,tm-nylon net as reported recently (14, 27) . By centrifugation (45 s, 16,000g, 8 C, microfuge 152 Beckman) the protoplasts were forced through the nylon net (rupture of the plasma membrane), and the plastids set free by this method collected in the sucrose layer below the silicone oil.
The microtube tips containing the plastid fraction were cut, the plastids resuspended by vigorous shaking, and introduced into the different assays.
When the distribution of marker enzymes was measured, the tubes were frozen for 10 min and, in addition to the plastid pellets, the supernatants collected by cutting the tubes at the interphases silicone/supernatant and supernatant/nylon net. Enzyme Assays. NADH-Cyt c reductase, a marker for mitochondria (antimycin A-sensitive), and ER (antimycin A-insensitive) was measured according to Lord et al. (24) . Catalase, a microbody marker, was assayed by following the 02 evolution in a Clark-type 02 electrode at 20 C. The reaction mixture contained in 50 mm Hepes-KOH (pH 7.6), 1.2 mM H202 in a total volume of I ml. As a cytoplasm and vacuole marker, acid phosphatase was assayed with p-NPP3 as a substrate at pH 5.6 for 5 and 10 min at 37 C (3). NAD(P)-dependent GAPDH were measured as described by Schulman and Gibbs (28) after 5 min preincubation at 25 C in the dark. Aldolase, showing a nearly identical distribution to NADP-GAPDH (recognized as a plastid marker) was also used to identify plastids and its activity (95% plastid-associated, 5% cytoplasm-associated as shown by comparison with the distribution of acid phosphatase and NADP-GAPDH, respectively) recorded essentially as reported by Bergmeyer (4) .
Acid and neutral protease activities were measured using as substrate hemoglobin (Sigma) essentially as given by Drivdahl and Thiman (8) .
Ru-5-P kinase and 3PGA kinase were determined according to Hampp and Wellburn (15) and Pacold and Anderson (26) , respectively; the kinases measured spectrophotometrically according to Hurwitz et al. (19) . using a water-jacketed 02 electrode. Illumination was provided by a forced air-cooled 250-w slide projector resulting in a radiant light flux of about 120 w m2 within the assay. Protein was measured by the naphthalene blue-black procedure according to Bramhall et al. (7), and Chl as described by Amon (1) .
Electron Microscopy. The isolated and resuspended (0.6 M mannitol) protoplasts were pelleted at 600g for 60 s, and the pellet fixed with 6.5% glutaraldehyde in 60 mm phosphate buffer (pH 7.3) and 0.6 M mannitol for 2 h. They were then washed four times with mannitol containing buffer and postfixed with 2% OSO4 in 60 mm phosphate buffer and 0.6 M mannitol. After another three washings in buffer, the protoplasts were dehydrated in acetone and embedded in resin according to Spurr (29) . Sections were cut with an LKB ultramicrotone and examined in a Zeiss EM 9 electron microscope. RESULTS AND DISCUSSION Etioplasts and Etiochloroplasts from Protoplasts. To obtain plastids from protoplasts as quickly and as pure as possible, silicone oil filtration following mechanical rupture of protoplasts by a 20-JIm aperture nylon net (see under "Materials and Methods") was employed.
In Table I the degree of contamination of plastid preparations is given as levels of activities of enzymes generally used to monitor impurities due to other cellular compartments. A comparison of the specific activities measured for catalase (microbodies), Cyt c reductase (mitochondria and ER) and acid phosphatase (cytoplasm with ruptured vacuoles) within the plastid-enriched pellet and the rest of the cell (supernatant, above the silicone layer) indicates only slightly contaminated plastids; with values (04 h in vitro illumination as per cent of total activity) from 8.3 to 9.5 (catalase), 2.3 to 3.8 (Cyt c reductase), and 0.9 to 4.6 (acid phosphatase). On the other hand, the yield of plastids is quite high as shown by the percentage of total specific activity of the plastid marker NADP-GAPDH within the pellet (76-92%). The lack of detectable Chl in the supernatant fraction (2 and 4 h) supports this finding. The distribution between supernatant and pellet of aldolase is nearly identical to that of NADP-GAPDH (ie. 82-95%; a maximum of only 5% total activity could be identified as due to sites other than plastids under the conditions employed (see under "Materials and Methods"); therefore, this enzyme can also be used as a marker for plastids from greening oat mesophyll cells. In addition to high yield, the results given in Table I show that etioplasts and etiochloroplasts isolated from protoplasts by integrated mechanical disruption and silicone oil filtration are of adequate purity.
IN VITRO ILLUMINATION OF PROTOPLASTS FROM ETIOLATED TISSUE
Electron Microscopic Studies. Figure 1 , a, b, and c show developmental changes within plastids which occur over a period of 6 h when intact protoplasts (Fig. 1, e and f) from etiolated tissue are illuminated at 20 C (1.5 w m-2), and which are typical of the developmental changes of greening plastids in intact tissue (Fig.  Id) . The etioplast envelopes are intact and show no swelling (see also plastid area, Table II ). Following illumination, the paracrystalline PLBs (Fig. la) become disrupted (Fig. 1, b and c) and form prothylakoids. These extrude into the stroma and with continued illumination (6 h) overlapping membrane growth results in biand polythylakoids (Fig. lc) To show the significance of the structural changes observed, a more detailed statistical analysis was carried out, as even etioplasts to some extent exhibit PLBs with adhering prothylakoids. To minimize the inclusion of tangential plastid sections, 50 to 60 complete plastid sections of any treatment were chosen at random from among those with areas over 50 UMm2, and the plastid axes, plastid area, PLB axes, PLB area, thylakoid length, number of granum stacks, and PLBs counted (Table II) . The values indicate no significant change in the plastid area, in contrast to those observed for isolated etioplasts (23) . This implies that there are no osmotic effects on the organelles during the 6-h incubation period. During the same period the number of PLBs per plastid decreased from 1.58 to 0.32, and the size of the remaining PLB area was only 45% of those found in etioplasts. In parallel, an increase in the total length of thylakoids (by 1,400%1o) and in the number of granum stacks per plastid (from 0 to 2.5) could be observed. A comparison of all these factors indicated that plastids from 6 h "etio"-protoplasts greened in vitro and those contained in protoplasts from 6-h illuminated leaf tissue in vivo (Table II, Fig. 1 c  and d) showed only minor differences with respect to the structural developmental stages reached.
After 6 h ofillumination in vitro there is no further development, and at this stage protoplasts obviously become unstable at 20 C. This results in a disintegration of cellular interrelationships and consequently a lack of further development. In addition, the loss of hormonal control by neighboring cells, as well as missing nutrient supplies from the endosperm could prevent even plastids still within intact protoplasts from developing further. This would also explain why photochemical and enzyme activities, described below, reached optima between 4 and 6 h during in vitro illumination.
Development of Photochemical Activities. Figure 2 shows the development of electron transport reactions, associated with PSI as measured by 02 consumption using MV as an autoxidable acceptor in the presence of reduced DAD or DCPIP. With both donors, activities could be first detected after about I h of irradiation, exhibiting appreciable increases in rates thereafter, especially in the presence of DAD. This coincided very well with the formation of Chl (Table I) . Addition of the uncoupler NH4Cl resulted in both cases in enhanced rates of 02 evolution. In these experiments PSI proved to be very stable even after 24 h of incubation of protoplasts; at this time, the rates of PSI associated electron transport were still higher than those measured after 8 h of incubation in the light.
NADP-dependent oxidoreductase activity was detectable in the etiolated preparations. After an initial loss of activity, the enzyme exhibited an increase in specific rates (Fig. 2 ) similar to that observed under in vivo conditions ( 16) . This stimulation proceeded up to 6 h illumination, showing signs of deterioration thereafter.
Activities with PSII, however, are only detectable after about 4 h of light in isolated "etio"-protoplasts. In the experiments in Figure 3 , electron transport was blocked by DBMIB on the PSI side of plastoquinone, and electrons originating from water or DPC were channeled to DCPIP (H20) or 02 via DMMIB (DPC). As observed under in vivo greening (16) , first and higher rates occurred with DPC as artificial electron donor, whereas the water splitting site develops more slowly and appears to limit PSII activity at early stages of membrane development. Electron transport reactions with both DPC or H20 as electron donors reach optimum rates after 6 h of illumination, again deteriorating with longer incubation time.
The development of cooperation between the two photosystems is shown in Figure 4 . Electron transport associated consumption (H20, DPC -+ MV --02) of 02 exhibits the same developmental sequence as that observed for PSII alone. This indicates that all endogenous redox carriers between PSII and PSI are present before the start of PSII activities, or that at least they become available in the photosynthetic membranes in parallel to the reaction center of PSII.
Development of the Capacity for CO2 Fixation. In Figure 5 the development of activity to fix C02 of intact protoplasts is given in relation to the period of in vitro illumination. Although the rates of dark fixation remained at the level measured in etiolated protoplasts, those of light treated ones exhibited a pronounced increase after a lag phase of about 2 h, with a slight loss in capacity during prolonged incubation. This correlates quite well with the development of photochemical reactions (Figs. 2-4 ) and the changes in levels of enzyme activities shown to be induced during greening. RuBPC (Fig. 5) , 3PGA kinase, Ru-5-P kinase, and NADP-dependent GAPDH (Fig. 6) all show increasing levels of activity under continuous illumination, reaching their highest rates Compared to similar investigations on the in vivo development of plastids (15) , rates obtained in vitro are sometimes lower but nevertheless also very close to the respective stages in vivo [e.g. (4 h, RuBPC: 3(3.5-4.5); NADP-GAPDH: 3(2.6); Ru-5-P kinase: 4(4.5) total CO2 fixation: 4.5(5) nmol mg-protein h-']. In addition to results on structural and photochemical changes, this suggests that our in vitro system up to 6 h possesses the same developmental ability as that observed in intact 4-to 5-h tissue. NAD-dependent GAPDH, an enzyme not involved in CO2 reduction, remains at a low and constant level of activity throughout in vitro illumination (Fig. 6) . This, together with the constant low level of dark CO2 fixation (Fig. 5) indicates that the changes observed in this system are mainly due to developmental processes, and not due to artefacts involved in the protoplast system. Levels of Protease Activity. In a preceding paper (14) we have shown that the degradation of PLBs, characteristic of etioplast development (Fig. 1, a, b , and c), in part is achieved by the hydrolysis of structural polypeptides by proteases associated with plastids. As observed in those in vivo studies there is a transient increase in the levels of activity of both the neutral (pH 6.8) and acid (pH 4.2) proteases. Figure 7 demonstrates such a transient increase in enzyme activity also under in vitro conditions. In this case however the decrease in the level of activity after 4 h of illumination could also be due to senescence of the system and not just a natural event. In contrast to the activities observed in plastids isolated from greening tissue, the increase in the protoplast system is much less expressed; this is especially true for the neutral protease which after 4 h of greening (peak activity) showed more Plant Physiol. Vol. 66, 1980 PLASTID DEVELOPMENT IN VITRO than four times the rate observed in etioplasts from protoplasts. As a consequence, the slower and only partial disappearance of PLB structures within plastids, illuminated in vitro could be due to reduced amounts of proteases synthesized upon illumination.
CONCLUSION
The data given in this paper correlate structural and biochemical results on the development of plastids in vitro. Investigations on in vitro development so far have only employed isolated etioplasts and based development either on structural aspects, i.e. loss of the crystalline PLB structure and prothylakoid formation (23, 32, 33) , on biochemical activities like the incorporation of labeled amino acids into proteins (10) In all these attempts, development of complete photochemical reactions could not be measured because of the loss of envelope integrity beyond 2 h of incubation in vitro, and also because of the lack of proteins necessary for plastid development, which are synthesized on cytoplasmic sites and then transported into plastids.
In contrast, as shown in this paper, the intact protoplast provides a system that keeps the in vivo conditions for up to 6 h, showing nearly identical development patterns to those observed with etiochloroplasts from intact tissue. Combined with this is the advantage of rapid organelle isolation (within less than 60 s) yielding plastids that show a high degree of purity. These advantages are of importance with respect to investigations of regulatory events taking place between plastids and other cellular compartments (12, 13) . Therefore, the use of "etio"-protoplasts promises to become an important technique in studying light-induced effects on metabolic activities in these compartments during the early stages of greening. 
